The gp120 subunit of the HIV Env glycoprotein is responsible for receptor interactions leading to viral entry and is a primary target for neutralizing antibodies. Most structural studies have focused on the heavily truncated, deglycosylated gp120 core, leaving fundamental aspects of the glycoprotein that are responsible for immune evasion and receptor-induced activation unresolved. Here we investigate full-length, glycosylated HIV gp120 in unliganded and CD4-bound forms by using small-angle X-ray scattering to visualize global structural reorganization and hydrogen/deuterium exchange to track changes in local conformational dynamics. The studies revealed unliganded full-length gp120 to be considerably more dynamic, particularly at the CD4 binding site, than suggested by previous studies of the subunit core alone. The large V1/V2 loops, previously unmapped, are positioned to mask the coreceptor binding site in an orientation that recapitulates that observed in the Env trimer. CD4 binding shifts V1/V2 to unmask the coreceptor binding site and triggers profound dynamic changes in gp120 spanning from the binding site to the gp41-interactive face of gp120. These findings provide further insights on the structural basis of Env antigenicity and immunogenicity and of allosteric effects upon receptor binding.
T
he Env glycoprotein complex is the sole viral antigen on the surface of HIV. This trimeric complex of gp120/gp41 heterodimers mediates delivery of the viral nucleocapsid to host cells through a series of receptor-induced conformational changes that drive fusion of the viral and host membranes. The gp120 subunit is primarily responsible for interactions with the CD4 receptor and chemokine coreceptors (CCR5 or CXCR4) and bears the majority of epitopes that are targeted by the humoral immune response. Early vaccination studies with monomeric or trimeric Env constructs elicited responses that were largely isolate specific and minimally effective against most primary HIV-1 isolates (3, 4, 20, 21, 38) . However, the modest efficacy observed in the RV144 trial (52) has renewed interest in soluble monomeric gp120 as a vaccine immunogen.
Env, and in particular the gp120 subunit, evades antibody recognition of conserved epitopes by several means, including decoration with a dense glycan shield, hypervariable loops that mask conserved features, and high intrinsic conformational dynamics that render it a poorly defined antigen (45) . These characteristics have also hindered structure determination, and significant gaps remain in our understanding of the overall topography and dynamics of the complete glycoprotein. Cryo-electron microscopy has been used to image the general architecture of the Env spike on HIV and simian immunodeficiency virus (SIV) virions (35, 73, 78, 82) and in solubilized trimeric forms (19, 75) . Crystal structures are available for the gp120 core (6, 10, 22, 28, 30, 44) , with most variable loops, flexible terminal extensions, and glycans truncated. These studies have revealed the architecture of the gp120 core in its CD4-bound conformation to be composed of inner and outer domains along with a 4-stranded ␤-sheet called the bridging sheet (Fig. 1) .
The variable loops, V1/V2 and V3, have been inferred to mask conserved epitopes from antibody recognition (77) ; however, the structural basis for this has not yet been determined. A recent study implicated the variable loops in maintaining the gp120 subunit in a pre-CD4-bound conformation, because the unliganded core, with V1/V2 and V3 truncated, adopts essentially the same structure as the CD4-bound state (28) . The structure of the fulllength gp120 subunit in its unliganded state remains undetermined. Such data would elucidate the disposition of the V1/V2 and V3 subdomains relative to the core and key epitopes, such as the CD4 and coreceptor binding sites.
CD4 binds at one of the few highly conserved sites on gp120, a complex, discontinuous epitope composed of facets of the inner and outer domains. Thermodynamic studies have shown CD4 binding to have a large stabilizing effect on gp120 (29, 43) . The CD4 interaction induces changes in gp120 that are believed to generate and unmask the coreceptor binding surface, including the formation of the bridging sheet (30, 53, 63, 77) . Hydrogen/ deuterium exchange coupled with mass spectrometry (HDX-MS) of deglycosylated gp120 core has probed some of these CD4-induced effects (26) . However, in light of the observation that truncations modulate the conformational equilibrium of the subunit as a whole, a study of full-length, glycosylated gp120 is expected to reveal important differences (28) .
Here, we combined two solution-phase methods, small-angle X-ray scattering (SAXS) and HDX-MS, to examine full-length glycosylated gp120. SAXS provides a moderate-resolution (ϳ20 Å) 3-dimensional (3-D) shape reconstruction for the complete gp120 glycoprotein (50) . HDX-MS provides a sensitive and detailed measure of conformational dynamics by monitoring the kinetics of backbone amide solvent exchange, revealing regions of order and disorder throughout the protein (41) . Together, ular weights and monodispersity. Ten acquisitions of 5 s at 20°C on a Dynapro Nanostar (Wyatt Technology, Santa Barbara, CA) were carried out for each sample. All data were fit using the Wyatt Dynamics analysis software, assuming a spherical model, with errors reported as standard deviations.
Small-angle X-ray scattering. SAXS measurements were conducted on beam line 4-2 at the Stanford Synchrotron Radiation Laboratory (62) . The focused 11-keV X-ray beam irradiated a thin-wall quartz capillary cell, which contained a sample aliquot, placed at 1.7 m upstream of the Rayonix MX 225HE detector (Evanston, IL). The detector pixel numbers were converted to the momentum transfer (Q) based on the following equation: Q ϭ 4 ϫ sin/, where 2 ϫ is the scattering angle and the X-ray wavelength of 1.127 Å with a silver behenate powder standard placed at the capillary position. A set of 16 consecutive 1-s X-ray exposures were made on each sample aliquot (30 l injected) with 15-l oscillations between exposures to minimize radiation damage to the specimen. Protein scattering data were processed by using MarParse, scaled for the transmitted beam intensity integrated for each exposure, and azimuthally averaged (62) . Exposures were averaged with rejection criteria of 1.3 standard deviations relative to the initial exposure to omit frames exhibiting radiation damage or other artifacts. Buffer scattering data were processed in the same way and subtracted from corresponding protein scattering data.
For each sample, concentration series ranging from 0.4 to 2.0 mg/ml were gathered. Molecular weights were calculated using both scattering intensity at the zero angle relative to water (42) and the program SAXS MoW (15) . The partial specific volume of gp120 used for MW determination was calculated to be 0.694 cm 3 /g by using a weighted average of carbohydrate and protein components as described previously (32) .
Ab initio shape reconstruction. The 1-D SAXS curves were processed first using autoGNOM, which excludes higher-angle data, to determine approximate radius of gyration (R g ) and D max values for the P(r) plots, the pairwise distance distribution functions (48) . A final P(r) plot was generated with GNOM v4.5, including Q values from 0.0105 to 0.472 (65, 66) . The output was the basis for ab initio shape reconstruction using DAMMIN v5.3 running in jagged or slow mode, to generate a set of 16 to 24 models (67) . Individual bead models are shown in Fig. S2 , S3, and S10 in the supplemental material. The bead models were aligned using SUP-COMB13 with enantiomers considered (27) and then averaged using DAMAVER (69) . Positions of low bead occupancy in the averaged model were filtered out using DAMFILT with an excluded volume set to the Porod volume, determined using Autoporod (47). The resulting model was then converted to a volume envelope by using the program pdb2vol within the SITUS2.2 package (74) .
Atomic coordinates for the gp120 core, including the gp41-interactive region (PDB 3JWD) (44) and a complete V3 loop (PDB 2B4C) (22) , were first superimposed in Chimera (49) , and this composite PDB model was docked into the SAXS envelope by using the automated fit-in-map algorithm in Chimera (Fig. 2C ) with repeated trials, starting with several distinct initial orientations. Because enantiomeric structures give rise to identical SAXS patterns, we examined both enantiomeric variants of the averaged SAXS models, with one form clearly showing a better agreement with the shape of the composite gp120 core PDB model. In the case of the CD4-bound state, the CD4 coordinates from the PDB 3JWD coordinate set were kept in the identical position relative to the gp120 core as found in the crystal structure, and the pair was docked into the SAXS envelope. The models shown correspond to the orientations of the PDB models that produced the optimal fits to the SAXS envelope when the envelope was contoured to enclose the Porod excluded volume, obtained from Autoporod (47) .
We noted that the resulting averaged SAXS model did not vary significantly, whether only the 10 models in best agreement (as judged by their computed normalized spatial discrepancy [NSD] values) or the full set was used. This suggests that the DAMMIN models are reasonably conver-FIG 1 gp120 core structure. Crystal structure of gp120 from the gp120-sCD4-48D Fab complex (PDB 3JWD) superimposed with the gp120 core containing an intact V3 loop (gp120-sCD4-X5; PDB 2B4C) reveals the organization of gp120 in terms of inner (orange) and outer (blue) domains. The 4-stranded ␤-sheet subdomain termed the bridging sheet (green) is composed of two strands from the outer domain and the V1/V2 stem from the inner domain. The position of the CD4 binding site on gp120 is indicated by the red circle. gp120 is believed to interact with gp41 primarily through interactions involving the inner domain and N-/C-terminal extensions.
gent, and the averaged model represents a conservative envelope of spatial occupancy for the macromolecular density.
All-atom modeling. The sequence of gp120 (SF162) was threaded onto available crystal structures of b12-bound and sCD4/48D-bound gp120 (PDB 2NY7 and 3JWD), using MODELLER (11) . As there are currently no tools for generating large ensembles of homology models with glycans, a new methodology was developed within MODELLER to include attached glycans as flexible residues (unpublished data). The simulated annealing step was modified to include carbohydrate parameters from the CHARMM36 force field (16, 17) . Monosialylated biantennary complex glycans with core fucosylation (positions 87, 135, 154, 186, 195, 274, 299, 352, 392, 398, 401 , and 454) and Man 8 high-mannose glycans (positions 232, 229, 260, 293, 329, 336, 382, 388, and 438) were based on the predominant glycoform observed in the MS data (see Fig. S11 in the supplemental material). Glycans in regions outside peptic coverage were inferred from glycosylation at similar positions reported in previous stud-
FIG 2
Solution small-angle X-ray scattering structures for full-length gp120 monomer. (A) SAXS pattern for glycosylated SF162 clade B gp120 monomer. Solid black line represents the calculated SAXS pattern for a typical DAMMIN reconstruction. Inset shows the Guinier fit. (B) Corresponding P(r) pairwise distance distribution plot. Black lines represent the calculated SAXS patterns for the modeled structures. (C) "Averaged" SAXS structures for full-length, glycosylated gp120 monomer, shown as an envelope drawn over the averaged, filtered DAMMIN structure (see Fig. S2 in the supplemental material). Structures for gp120 core with N-/C-terminal extensions and intact V3 loop (PDB 3JWD and 2B4C; blue) are fitted into the SAXS density. The CD4 binding site contact residues are shown in orange. The position of the V1/V2 stem (cyan) in the CD4-bound conformation reflected in the CD4-bound gp120 core crystal structures does not fit within the SAXS envelope for unliganded full-length gp120. (D) The V1/V2 loop structure from the crystallographically determined complex with bNAb PG9 (PDB 3U4E; cyan spheres) occupies approximately the same volume of the crest as suggested by the SAXS shape reconstructions. See also Movie S1 in the supplemental material.
ies (31) . Additional restraints in the calculations were included to introduce disulfide bonds absent from the reference structures. Models threaded to 2NY7 (V1/V2 "up") lacked coordinates for the N-terminal extension/layer 1 (up to residue 81); therefore, initial coordinates were obtained from the same region in 3JWD and held in place with generous (16 Å, upper distance) restraints to the inner domain. The ensembles of 100 glycosylated models from MODELLER were fit to the raw SAXS patterns by using FoXS (59) . Minimal ensemble searches with up to 3 conformations were attempted to minimize 2 values (46) . Models of gp120-sCD4 and gp120-sCD4-17bFab were calculated similarly (PDB 3JWD and 1GC1). In the latter case, the N-/C-terminal residues of 17b Fab, absent in the crystal structures, were included in the models. Models of free 17b Fab were generated with a template (PDB 1RZ8) (23) , excluding restraints for the linker between the V1 and C1 domains. Figures were created using PyMOL (7) and Chimera (49) .
Hydrogen/deuterium exchange. Deuterium exchange was initiated by dilution of stock gp120 (1 to 2 mg/ml) into PBS to a final deuterium level of 85% and incubation at 22°C. Reactions were quenched at 15 s, 1 min, 5 min, 30 min, and 4 h with a 1:1 dilution into ice-cold 0.1% formic acid (FA), 1 M guanidine-HCl (GndHCl), 500 mM Tris-carboxy-ethanephosphate (TCEP) for a final pH of 2.5. Pepsin (Worthington Labs, Lakewood, NJ) was immediately added to a final ratio of 1:1 (by mass), and the mixture was incubated on ice for 5 min. Samples were frozen in liquid nitrogen and stored at Ϫ80°C for up to several weeks. A zero time point to correct for deuterium uptake during digestion was obtained by dilution of the stock protein into prequenched deuterated PBS, followed by identical pepsin digestion. A fully deuterated sample was prepared by incubating denatured gp120 (50 mM Tris [pH 8.0], 4 M GndHCl, 50 mM dithiothreitol treated at 60°C for 30 min) in deuterium (85%) overnight at 40°C. The CD4 complex was prepared by incubating a 3:1 molar ratio of sCD4-gp120 (3 mg/ml total protein) overnight at 4°C prior to deuterium exchange. Deuterium oxide (D 2 O; 99.96%) was purchased from Cambridge Isotope Labs (Andover, MA).
Mass shifts were determined using HX-Express (71). The percent deuteration at each time point was calculated using the following equation:
, where m is the mass centroid of the fragment at a given time point, m 0% is the zero time point centroid, and m 100% is the fully deuterated centroid (34) . Centroids for the most abundant glycoforms of the same peptide were averaged, because no significant differences were observed within these populations. Several mass envelopes displayed heavy broadening due to CD4 binding, and bimodal fitting was applied for deconvolution of these data (60, 72) (see Fig. S14 and the methods section in the supplemental material). Protection factors and conformational stabilities were determined by fitting exchange rates of peptic fragments and comparing them to intrinsic rates, as described previously (2, 61, 79) .
Mass spectrometry. A combination of tandem mass spectrometry (MS/MS) and exact mass data were used to manually identify peptic fragments of gp120. Fragmentation data of glycopeptides were insufficient for assignment, but glycan mass and type could be obtained (40) . Peptic digests of gp120 (10 g) were neutralized (100 mM Tris [pH 8.0]) and treated with 2 mU PNGase F (Prozyme, Hayworth, CA) overnight to remove all N-linked glycans. MS/MS analysis of these deglycosylated fragments allowed for unambiguous assignments of glycopeptides.
Deuterium uptake was analyzed by liquid chromatography-MS (LC-MS) using a Waters Acquity UPLC integrated with a Synapt HDMS instrument (Waters, Milford, MA). Peptides were resolved on a Zorbax 300SB C 18 column (1 by 50 mm, 3 m; Agilent Technologies, Santa Clara, CA) with a gradient of 5 to 50% acetonitrile over 12 min at 50 l/min with 0.05% trifluoroacetic acid in both mobile phases. The column injection loop and lines were kept at 0°C on melting ice to minimize back-exchange. The loop and syringe were washed repeatedly with 0.1% formic acid and methanol between injections to minimize sample carryover. Source and desolvation temperatures of 85°C and 175°C were used to minimize backexchange (41) .
RESULTS
Small-angle X-ray scattering characterization of gp120 in solution. Small-angle X-ray scattering was used to obtain shape information for the full-length, glycosylated monomeric gp120 in its unliganded state, bound to sCD4, and in complex with both sCD4 and 17b Fab. No sign of significant aggregation, interparticle interactions, or other concentration-dependent effects were observed within the SAXS data over a range of concentrations from 0.4 to 2.0 mg/ml at 15°C, as reflected by linearity of the Guinier regions (QR g , Ͻ1.3). Furthermore, the R g from the Guinier analysis was in excellent agreement with that derived from the P(r) pairwise distance distribution plots (Table 1) (65). Molecular mass results obtained from SAXS and static light scattering (SLS) showed the expected mass for monomeric gp120 along with the expected increase for each complex (Table 1; see also Table S1 in the supplemental material). Dynamic light scattering (DLS) verified the monodispersity of samples at concentrations used for SAXS measurements. A comparison of SAXS patterns at 37°C and 15°C did not reveal significant differences in scattering.
We and others have observed that gp120 "monomer" preparations from a variety of sources often contain nearly equal proportions of monomeric and disulfide-bonded dimeric gp120 (13) , which can be resolved by gel filtration (see Fig. S1A in the supplemental material). As expected, dimeric gp120 exhibited a much larger R g , 47.7 versus 37.6 Å. The dimensions we observed for gp120 monomer were markedly smaller than those reported previously for gp120 (also isolate SF162; R g of 42.4 Å [1] ). This dif- (1); thus, methodological differences are not likely to be a major factor in the discrepancies. Ab initio shape reconstruction of unliganded gp120 subunit generated structures with three main features: a ventral stalk, a central bulky core region, and a crest situated on the dorsal surface of the core (Fig. 2C) . The reconstruction runs resulted in models whose SAXS patterns were in good agreement with the experimentally measured patterns, as reflected by the goodness of fit between model and experimental SAXS patterns ( 2 , 1.319 Ϯ 0.004 [mean Ϯ standard deviation]) among 16 DAMMIN models (see Fig. S2 in the supplemental material), where 2 is the discrepancy between DAMMIN model and experimentally measured SAXS patterns (67); perfect agreement would yield a value of 0, while values around 1 indicate good agreement. The models exhibited good structural convergence, as reflected by the low normalized spatial discrepancy (NSD) values determined following alignment (0.708 Ϯ 0.014) (27) ; perfect superposition would yield an NSD of 0, and values less than 1 are generally in good agreement.
A composite PDB structure for the SF162 gp120 core was composed using crystal structures of the gp120 core, including N-/Cterminal extensions and an intact V3 (PDB 3JWD and 2B4C, respectively [22, 44] ). The core regions of these gp120 structures could be aligned (root mean square deviation [RMSD], 0.924Å), providing the relative positions of the N-/C-terminal extensions and the V3 loop. This structure was docked into the SAXS envelope by using the automated fit-in-map procedure in Chimera (49) . The N-/C-terminal extensions dock into the ventral stalk, and the core region fits neatly into the central bulk of density ( Fig.  2C ; see also Movie S1 in the supplemental material). Based on the crystal structure with an intact V3 loop (PDB 2B4C; albeit with sCD4 and the X5 antibody bound [22] ), V3 would sit within the crest of density in the unliganded gp120 SAXS envelope. In contrast, the hairpin stem for truncated V1/V2 loops in the CD4-bound crystal structures, with a bridging sheet formed, unambiguously fall outside the SAXS-determined envelope for unliganded gp120. As the bridging sheet is expected to be absent in unliganded gp120, the b12-complexed core crystal structure (PDB 2NY7 [81] ), lacking this structural motif, was similarly modeled into the SAXS density. The orientation of the V1/V2 stem in this structure was more consistent with that in the unliganded SAXS model, projecting into the crest region (see Fig. 5A ).
Based on the proximity of the V1/V2 stem, we attribute the majority of the crest density to the V1/V2 and V3 loops. This region accounts for 20 to 25% of the volume (and number of assigned DAMMIN beads) in the unliganded gp120 SAXS models, consistent with glycosylated V1/V2 and V3 loops, comprising ϳ20% of gp120. The crest also accommodates the approximate volume expected for V1/V2, based on the recently reported structure for V1/V2 in complex with PG9 antibody (39) (Fig. 2D) . Overall, the unliganded gp120 monomer in solution closely resembled the primary lobes of density observed by cryo-electron tomography of Env on the surface of virus as well as in soluble trimeric form (Fig. 3) (19, 35, 73) .
To test the dependence on the algorithm used to obtain the shape reconstruction, a different shape reconstruction program, GASBOR (68), was also used. Unlike DAMMIN, which restricts model beads to a regular lattice, GASBOR attempts to produce a 3-dimensional model composed of a chain-like ensemble of dummy residues. GASBOR resulted in reconstructions with similar overall shapes for unliganded gp120 monomer (see Fig. S4 and Movie S2 in the supplemental material). The 2 value of 1.366 Ϯ 0.032 and NSD value of 1.518 Ϯ 0.031 showed slightly more model-to-model variation than among DAMMIN models; this is generally observed with GASBOR, in large part due to the greater spatial degrees of freedom afforded the dummy residues in GAS-BOR. Nevertheless, the average GASBOR model in all essential features recapitulated the findings with the DAMMIN model, namely, the V1/V2 stem in the CD4-bound conformation falls outside the density, and a prominent lobe is positioned atop the core.
While glycans contribute to X-ray scattering and also to the assigned bead positions in the ab initio structures, they were not resolved as distinct recognizable features in the low-resolution models in the present study. They likely contribute additional bulk in the individual bead models, and what discrete knobs of density are present in those models are largely averaged out in the process of aligning, averaging, and filtering to produce the final conservative SAXS envelopes.
Structure of the gp120 monomer-sCD4 complex. A similar modeling process was applied to SAXS measurements for the gp120-sCD4 complex. Again, the DAMMIN reconstruction method produced a set of models that agreed well with experimentally measured data ( 2 , 1.362 Ϯ 0.003), and the models exhibited reasonable convergence of structures, with an average NSD of 0.739 Ϯ 0.051 ( Fig. 4 ; see also Fig. S3 in the supplemental material). When the composite PDB model (3JWD ϩ 2B4C), including CD4 coordinates from 3JWD, was docked into the SAXS envelope for full-length gp120-sCD4, additional density for sCD4 was observed in a position consistent with the crystal structure ( Fig. 4C ; see also Movie S3 in the supplemental material). In addition, comparisons of SAXS structures for gp120 with and without sCD4 indicated that major shifts in mass beyond the core take place upon receptor binding. Whereas unliganded gp120 exhibited a lobe of density in the dorsal crest position, sCD4-bound gp120 exhibited a lobe in a lateral position (relative to the core), where it was proximal to the CD4 binding site (Fig. 4C and 5A ). Corresponding P(r) pairwise distance distribution plot. (C) "Averaged" SAXS structures for the gp120-sCD4 complex, shown as an envelope drawn over the averaged, filtered DAMMIN structure (see Fig. S3 in the supplemental materia). Structures for gp120 core with N-/C-terminal extensions and an intact V3 loop (PDB 3JWD and 2B4C; blue) were fit into the SAXS density. D1D2 sCD4, which was cocrystallized with gp120 core, is shown in orange. (D) The V1/V2 loop structure from the complex with bNAb PG9 (PDB 3U4E; cyan spheres) occupies approximately the same volume as suggested by the SAXS shape reconstructions, although the specific conformation may be different. See also Movie S2 in the supplemental material.
This shift exposes the dorsal surface of the core and was interpreted to reflect the movement of the V1/V2 loops into their CD4-bound conformation. Indeed, the CD4-bound conformation of the V1/V2 stem observed in CD4-gp120 core crystal structures fit entirely into the gp120-sCD4 SAXS envelope, unlike in the unliganded case (Fig. 2C) . The density alongside CD4 in the SAXS envelope also accommodates the recently reported V1/V2 structure (39) (Fig. 4D) , and it is roughly consistent with the position of the loops following CD4 binding suggested by cryo-electron tomography studies for Env trimers (19, 35, 73) . The feature in the SAXS models is not quite as prominent as Subramaniam and coworkers observed in subtomogram averaged trimers from some isolates; however, they noted that the size of this feature was largely isolate dependent (see Fig. S9D in the supplemental material) (19) . For example, compared with JRFL, KNH1144 gp140 SOSIP trimers exhibited a much smaller feature for V1/V2 in the CD4 bound state. It is also conceivable that in the context of the trimer, persistent intersubunit interactions even after CD4 binding may influence the positioning of the variable loops, leading to subtle differences in their presentation versus what we observed in gp120 monomers.
Interestingly, the V3 loop position reflected in the 2B4C crystal structure no longer falls within the SAXS envelope (22) . It is unclear whether this loop gains steric freedom and hence is poorly resolved once V1/V2 shift, or if it becomes more closely associated with the core.
Shape reconstruction with GASBOR produced models that resembled the DAMMIN models and exhibited good model-to-experimental data fits, with 2 values of 1.448 Ϯ 0.029 and reasonable model convergence, although not as tight as for the DAMMIN models, with an NSD of 1.414 Ϯ 0.044 (see Fig. S5 and Movie S4 in the supplemental material). Overall features, including the gp120 core, D1D2 sCD4, and presence of additional mass or density extending from the V1/V2 stem alongside the bound CD4, are consistently observed in shape reconstructions from the SAXS data regardless of the reconstruction approach.
Validation of the SAXS approach. In order to compare our data against well-documented samples for which complete or nearly complete high-resolution structures are available, we gathered SAXS data for sCD4, 17b Fab, and the ternary complex of gp120-sCD4-17b Fab, and we processed the data using the same methodology described above for gp120 and gp120-sCD4. In addition, to test the dependence of the resulting SAXS models on the expression system, we examined unliganded gp120 monomers and gp120-sCD4 complexes using gp120 material produced from CHO cells.
All specimens were monodisperse as judged by dynamic light scattering and showed good agreement for R g values obtained from analysis of the Guinier range and from real-space P(r) plots (Table 1) . The sCD4 and 17b Fab SAXS data sets also served as a methodology control for ab initio reconstructions, showing excellent agreement with the crystallographically determined structures (see Fig. S6 in the supplemental material). DAMMIN model fits to experimental data and model convergence were excellent for both sCD4 ( 2 , 1.409 Ϯ 0.004; NSD, 0.938 Ϯ 0.020) and 17b Fab ( 2 , 1.338 Ϯ 0.001; NSD, 0.617 Ϯ 0.058). CHO cell-expressed gp120 monomer produced a model for unliganded gp120 in excellent agreement with that observed for 293E cell-expressed gp120 monomers (see Fig. S7 in the supplemental material). The models exhibited SAXS patterns in good agreement with the experimentally measured patterns, as reflected by the goodness of fit between model and experimental SAXS patterns ( 2 , 1.411 Ϯ 0.007). Model convergence was also reasonable, as reflected by the low NSD values determined following alignment 0.805 Ϯ 0.032) (27) . DAMMIN reconstruction of the sCD4 complex with CHO cell-expressed gp120 produced a set of models that closely resembled the shape envelopes determined for 293E cell-expressed gp120-sCD4 and that agreed well with experimentally measured data ( 2 , 1.487 Ϯ 0.004). The models exhibited good convergence of structures, with an average NSD of 0.722 Ϯ 0.035 (see Fig. S8 in the supplemental material) .
The ternary complex of gp120-sCD4-17b Fab likewise showed excellent agreement with the available crystal structures for gp120 core with sCD4 and 17b Fab bound (30) (Fig. 5B ; see also Fig. S9 and S10 in the supplemental material). The DAMMIN model's SAXS patterns and experimental measurements were in good agreement ( 2 , 1.622 Ϯ 0.002), and convergence among models was likewise reasonable (NSD, 0.870 Ϯ 0.009).
FIG 5
Comparison of SAXS models of free and CD4-bound gp120. (A) Structures of sCD4 (red) bound to gp120 core (blue; 3JWD and 2B4C) are shown fit into the SAXS envelopes for unbound (gray) and bound with sCD4 (tan), showing the shift of the density corresponding to V1/V2 upon CD4 binding. Positions of the V1/V2 stem are shown in white for the unbound form (based on the b12-liganded gp120 core structure [PDB 2NY7]), and cyan shows the stem in the sCD4 bound form (PDB 3JWD; after bridging sheet formation). (B) SAXS model of unliganded gp120, showing the crest of density atop the core compared with the expected position of 17b (ribbons, dark purple heavy chain, and light purple light chain), based upon superposition of the gp120 core structures in 1GC1 (gp120 core-sCD4-17b Fab) and 3JWD structures. The same 17b/coreceptor binding surface on gp120 is exposed in the CD4-bound gp120 complex as determined by SAXS. The ternary gp120-sCD4-17b Fab complex determined by SAXS showed good agreement with the available crystal structures (1GC1 superimposed with 3JWD).
All-atom modeling of gp120. As an alternative approach to interpreting SAXS data, all-atom models were constructed to compare theoretical and experimentally measured scattering patterns. All-atom models of unliganded gp120, gp120-sCD4 and gp120-sCD4-17bFab were generated using available gp120 core structural data, with missing loops and glycans modeled using MODELLER (11) . The coordinates for b12 (2NY7) and sCD4-48D Fab (3JWD) complexes with gp120 core served as templates for the pre-and postbridging sheet formed states, respectively, i.e., the V1/V2 stem "up" and "down." A total of 100 structures of unliganded gp120 were generated for both templates, with random conformations for V1/V2, V3, and the N/C termini. Highmannose and complex-type N-linked glycan chains (21 in total) were added at the initial modeling step and treated as flexible residues during annealing (see Materials and Methods). The top 5 models obtained for the prebridging sheet conformation (V1/V2 "up") fit the SAXS profile of unliganded gp120, with an average 2 of 3.09 and a top score of 2.50 ( Fig. 6A and D) . In contrast, the models with the postbridging sheet template (V1/V2 "down") were less consistent with these same SAXS data, with a top 5 average 2 of 4.78 and a best fit of 4.61. Since a single model structure may not encapsulate gp120's conformation(s) in solution, we attempted minimal ensemble searches (MES) to fit a combination of different models against the SAXS data. Fits using 3 models from the prebridging sheet ensemble showed a considerably better fit ( 2 , 1.91), with 4 or more models showing negligible improvement.
While we primarily view this all-atom approach as a means for testing the general occupancy of large structural features, such as the approximate position of V1/V2 loops, we did examine the effect of including additional structural information for V1/V2 and V3 based upon available fragmentary structural information. Additional ensembles were built by incorporating structures of V3 (22, 70) and/or V1/V2 from the PG9-bound complex (39) . Incorporation of these structures led to poorer fits to the SAXS data, with the exception of V3 from the 2B4C crystal structure, in which the extended conformation of V3 was similar to that obtained for most random orientations (see Table S2 in the supplemental material).
The same modeling approach was also used to generate an ensemble for the gp120-sCD4 and gp120-sCD4-17bFab complexes. The best-ranking models for both complexes were in excellent agreement with the SAXS data ( Fig. 6E and F) . In both cases, MES fitting using up to 3 models yielded a marginal improvement in the fit (see Table S2 ). Results of a comparison of the best fit models of each state of gp120 were consistent with sCD4
FIG 6
All-atom modeling of gp120 structures. The top five all-atom models most consistent with SAXS data are shown in the same orientation for unbound gp120 (A), sCD4 complex (B), and sCD4-17b Fab complex (C). The gp120 core is shown surface rendered in blue with N-/C-terminal extensions (blue spheres), V1/2 (cyan), V3 (green), 21 N-linked glycans (beige), and sCD4 (red surface). Although sCD4 is absent in the unliganded gp120 models, the position of sCD4 is indicated by red spheres. Fits of SAXS data (blue) to the best all-atom model (red) are shown for unbound gp120 (D), the sCD4 complex (E), and the sCD4-17b Fab complex (F). Models in top of panels A to C are in an orientation similar to that shown in Fig. 5B . binding leading to spatial rearrangement of the V1/V2 loops relative to the core causing exposure of the 17b binding site (Fig. 6A  to C) .
Mapping local conformational order/disorder by HDX-MS. In order to probe the solution behavior of gp120 and map CD4-induced conformational changes in greater detail, HDX-MS was used to measure local solvent exchange kinetics of the full-length, glycosylated SF162 gp120. Pepsin digestion yielded 57 observable (unique) peptides of sufficient signal to monitor 82% of the sequence of gp120. These included multiple glycoforms of 13 peptic segments containing N-linked glycan modifications (see Fig. S11 in the supplemental material). Although glycan microheterogeneity was evident at all sites, in each case, a predominant type of glycosylation could be assigned based on modification mass and tandem MS/MS data. Glycans at positions 232, 239, 260, 329, 336, and 438 were found to be predominantly high-mannose glycans, while sites 87, 274, 352, and 454 were mainly sialic acid-decorated biantennary glycans (numbering based on the complete SF162 Env). One limitation with these HDX-MS studies was relatively poor sequence coverage of the most highly glycosylated regions (i.e., V1 and V4). From an examination of fragments that were deglycosylated after peptic digestion, it appears that although these fragments are generated by pepsinization, they are either not retained by the C 18 stationary phase used for LC-MS, or extensive glycan heterogeneity results in insufficient signal for any individual glycoform.
A C-terminal gp120 fragment was identified that bore O-linked glycosylation, with structures NeuAc 1 Hex 1 NAcHex 1 and NeuAc 2 HexNAc 1 Hex 1 at position T490, likely corresponding to mono-and disialylated type 1 core glycans. The nonglycosylated form of this fragment was also observed; thus, both decorated and undecorated forms are present in gp120 populations. O-linked glycosylation of Env has been reported, and T490 is predicted to have a high likelihood of glycosylation (18, 51) , but to our knowledge this is the first direct, site-specific identification of an O-linked glycan on gp120. This finding may be notable, given that this specific segment coincides with the epitope of recently identified broadly neutralizing antibodies (24) .
Exchange profile of unliganded, full-length glycosylated gp120 monomer. Deuterium exchange kinetics were analyzed for all observable peptides. As hydrogen bonding protects amide protons from deuterium exchange, the exchange rates can be used to estimate the extent of stable secondary structure or hydrogenbonded backbone present at each fragment. Regions that are highly disordered or unstructured will display no protection from solvent and become deuterated rapidly (within seconds). Regions involved in secondary structure are protected, but transient unfolding events will expose these amides over time and therefore the exchange kinetics can be used to analyze the relative dynamics of the structured regions.
Several fragments from both the inner and outer domain showed slowed exchange consistent with the presence of stable secondary structure, as expected from the crystallography-based model threaded with the clade B SF162 sequence (see Materials and Methods). Fragment 282-286, in a ␤-strand within the outer domain, showed the strongest protection, taking up no detectable amount of deuterium even after 4 h of incubation. Other fragments (257-263, 347-357, and 436 -443) in the outer domain also showed protection for up to hours, suggesting that these structural elements are well ordered in unbound gp120 (Fig. 7B and D) .
Fragment 221-224, forming one of the sheets in the ␤-sandwich, and helices at positions 104 to 110 and 458 to 474 within the inner domain also showed moderate protection, indicating that portions of the inner domain are also reasonably ordered.
On the other hand several regions were exchanged rapidly, indicating a lack of stable secondary structure, including segments from V2, V3, and the N-/C-terminal extensions. Fragments 34 -51 and 52-82 showed almost no protection, indicating that layer 1 of the inner domain is highly disordered (Fig. 7A) . Interestingly, two segments (111-125 and 407-435), which together include 3 of the 4 ␤-strands of the bridging sheet, were also in rapid exchange, indicating that this motif is disordered within unliganded gp120 (Fig. 7A) . The fragment corresponding to the CD4 binding loop (358 -369) was only marginally protected, suggesting that the helical turn in this region is also relatively disordered (Fig. 7A) .
No significant differences in exchange kinetics were observed between the distinct glycoforms of each glycopeptide. Similarly, the fragment 475-500, bearing an O-linked glycan, exhibited no significant difference in exchange compared to the nonglycosylated form.
Changes in gp120 exchange induced by CD4 binding. Dramatic increases in protection from solvent exchange were observed throughout gp120 upon CD4 binding (Fig. 8) . Several regions that showed moderate protection within the inner domain (residues 95-110 and 458 -474) of unbound gp120 became even more protected, indicating structural rigidification upon sCD4 binding ( Fig. 7C and D) . Both halves of the bridging sheet, previously in rapid exchange, showed significant protection upon CD4 binding (Fig. 7A) . The same change was also observed for the CD4 binding loop (residues 358 -369), showing protection even up to 4 h. A slight increase in protection at V5, located proximal to the CD4 binding site, was also observed upon CD4 binding. Layer 1, which is in rapid exchange in unliganded gp120, showed a significant increase in protection, indicating that CD4 also induces the formation of this motif. Fragments in V2 and V3 were still in rapid exchange and thus showed no detectable change upon CD4 binding. Taken together, the differences in HDX profiles showed how CD4 binding induces the formation of the bridging sheet and locks down the conformation of the CD4 binding site and several structural elements within the inner domain.
Comparison with HDX-MS study results with deglycosylated, minimal gp120 core. Several observations of the current study provide notable differences from those of the single previous study of HDX-MS on the gp120 core, which were largely deglycosylated and lacked variable loops V1-V3 as well as the N-/ C-terminal extensions (26) . Although both studies indicated that the ␤-sandwich motif and helices within the inner domain were reasonably ordered in the unbound form, the CD4 binding loop and segments of the bridging sheet appeared considerably less protected (more disordered) in full-length glycosylated gp120. Increased protection upon CD4 binding was observed in both studies but, based on calculations of conformational stability, the stabilization in full-length gp120 was nearly double that observed for the core (see Table S3 in the supplemental material). This is consistent with thermodynamic study findings, which have reported a larger ⌬G of CD4 binding to full-length versus core gp120 (43) . As layer 1 (absent from the minimal core) became protected only upon CD4 binding, it is conceivable that the difference is partly due to the structuring of this region (Fig. 7) .
Another significant difference between the full-length and core gp120 was seen in the loop near the inner-outer domain interface (residues 257-281). The two fragments from this region in fulllength gp120 showed protection even at 4 h, with only a minor increase in protection with CD4 (⌬⌬G, Ϫ0.9 and Ϫ0.5 kcal/mol). In contrast, this region in core gp120 exchanged quickly, with a drastic increase in protection upon CD4 binding (⌬⌬G, Ϫ1.7 and Ϫ2.0 kcal/mol). This segment contained N-linked glycans at positions 260 and 274, both of which are highly conserved. Since glycans are thought to be relevant to the overall structure and antigenicity of Env (57), it is possible that this difference between core and full-length gp120 reflected structural stability imposed by the associated glycans. Alternatively, it is possible that some of the distinctions may be due to isolate-specific differences. Comparisons of gp120 from a variety of different isolates indicated that SF162 gp120 is in fact on the more-ordered end of the dynamic spectrum (T. M. Davenport, Guttman, Lee, unpublished data). Thus, other full-length gp120s are likely to exhibit even greater differences relative to the dynamics reported for the YU2 core. Dimeric gp120 is linked by the V2 loop and N-terminal interactions. Nonreducing SDS-PAGE revealed that dimeric gp120 is stabilized through disulfide bonds, as recently reported (13) . HDX-MS of this dimeric form showed an exchange profile almost identical to that of monomeric gp120 (see Fig. S12 in the supplemental material). The only differences were increases in protection of fragments in the N-terminal extension and within the V2 loop. This result was consistent with results of deletion studies, which have shown that removal of the V2 loop or the extensions at the N/C termini decreased dimer formation (5, 13) . From the current study, we specifically implicate residues 34 -38 and 171-177 as being involved in the dimeric interface. Although these dimers are widely considered to be nonnative species, the exchange profile is very similar to monomeric gp120, indicating that apart from the dimer interface, both species are in similar conformations.
DISCUSSION
While a great deal of detailed information for the structure of HIV Env has been provided by X-ray crystallography (6, 10, 22, 30, 44) , most commonly for the gp120 core in complex with stabilizing ligands, such as CD4 receptor or antibodies, the requirements for crystallization make it necessary to truncate and deglycosylate the glycoprotein, removing the very features that make each variant distinct and that can modulate structure and dynamics within the core itself. The combination of SAXS and HDX-MS allowed us to address two primary gaps in our understanding of gp120: (i) the disposition of the V1/V2 loops in the unliganded, full-length subunit and in the CD4-bound form and (ii) the local intrinsic dynamics within the glycoprotein and the changes upon ligand binding. These key aspects of gp120 profoundly influence how the glycoprotein interacts with receptors and antibodies, and thus an understanding of these features in detail is critical. This approach should also be applicable to other soluble Env constructs, such as gp140 ectodomain trimers.
Nature of the full-length, unliganded gp120 subunit. The SAXS model for full-length, unliganded gp120 showed a crest of density on the top of the core region that was consistent with closely associated V1/V2 and V3 loops ( Fig. 2 and 5) . A significant body of evidence reported previously supports the hypothesis that the variable loops are associated and V3 is occluded by V1/V2 (37, 83) . Whether this occlusion occurs within a single subunit or between neighboring gp120s remains controversial (36, 54) . From the current study, it appears that V1/V2 contacts with V3 may already exist within monomeric gp120. In this state, we propose that the V1/V2 stem, which would comprise half of the bridging sheet after CD4 binding, is in an "up" conformation, similar to the stem position observed in the b12-bound gp120 core crystal structure (PDB 2B4C), positioning V1/V2 next to V3 (81) . This assignment is also supported by the HDX data for unliganded gp120, which revealed that the bridging sheet and CD4 binding site elements were surprisingly disordered (Fig. 7D) . If the V1/V2 stem is "up," the bridging sheet elements would be split and would be expected to exhibit a less-stable secondary structure and hence rapid deuterium exchange. When the CD4-bound crystal structures are docked into the SAXS envelope, the only major structural element that does not fall within the envelope is the V1/V2 stem. Atomic models of unliganded gp120 with V1/V2 loops oriented in the "up" position were more consistent with the SAXS pattern than models with the bridging sheet formed and V1/V2 "down," further supporting the position of this loop in the crest density (Fig. 6A) . This discrepancy also holds true for comparisons against the crystal structure of the SIV core gp120, which shows the V1/V2 stem forming a ␤-sheet running along the lower end of the inner domain, positioning V1/V2 and V3 on opposite ends of the molecule (6) .
The disposition of V1/V2 and the conformational state of the bridging sheet elements contrast with the recently published structure of unliganded, extended gp120 core (28) , which showed that the bridging sheet and CD4 binding site adopt a conformation nearly identical to that seen with CD4 and the stabilizing ligands bound. Based upon comparisons of various truncation constructs, epitope mapping, and thermodynamic measurements, the authors of the gp120 core study inferred that truncation of the V1/V2 and V3 loops causes the core to revert to the CD4-bound conformation (28) . Our results are consistent with the hypothesis that the variable loops maintain gp120 in a native unliganded conformation that is distinct from that observed in the unliganded core structure.
The positioning of the variable loops atop the core confers a shape to the gp120 subunit that closely resembles the primary lobes of density observed in cryo-electron tomographic studies of Env on the surface of virions as well as soluble SOSIP gp140 trimers ( Fig. 3) (19, 35, 73) . This suggests that the gp120 subunit in isolation is largely similar to the structure of the subunit in the context of the trimer, although the variable loops in the trimer spike are likely drawn toward the axial center through intersubunit interactions. Interestingly, the crest density for each gp120 subunit more closely resembles the prominent bulges seen in the gp140 SOSIP soluble trimer reconstructions (19) , more so than the rather flat-topped crown of the Env trimer on the virus (35, 73) . It remains to be seen whether this reflects real structural differences or perhaps inherent limitations in resolution of the two approaches. Since the gp120 subunit occupies most of the upper portions of the trimeric spike, it appears that the base must be occupied by gp41 (Fig. 3) . Overall, we were surprised that fulllength gp120 isolated from its native oligomeric context still appeared to fairly faithfully maintain its overall morphology. This observation may have implications for the use of full-length gp120 subunits as immunogens.
While the crest feature observed in the SAXS models for unliganded gp120 appeared to indicate that V1/V2 and V3 form some degree of association, HDX-MS indicated these regions do not appear to exhibit stable secondary structure or order involving H-bonding of the backbone amide groups ( Fig. 7B ; see also Fig. S13 in the supplemental material). No significant protection was detected within V3 or V2 loop fragments, even upon CD4 binding. However, interactions may still exist within the variable loops that are perhaps mediated by side chain interactions, e.g., hydrophobic or ionic, or that may be too weak or intermittent to result in sufficient protection to be observed by HDX-MS. Previous ex-
FIG 8
Exchange behavior of gp120. (A) Exchange data illustrated on the gp120 structure (modeled using PDB 3JWD and 2B4C) for free (top) and CD4-bound (bottom) forms. Coloring indicates the degree of deuterium uptake, from none (blue) to full (red). (B) Differences in deuterium exchange for free and CD4-bound gp120, plotted on the structure. The degrees of change between the two forms are colored from white (Ͻ20% difference) to orange (Ͼ20% difference) to red (Ͼ50% difference).
amination of the isolated V3 loop by nuclear magnetic resonance (NMR) showed the C-terminal half of the loop forming a partial helical structure (70) . The fragment 314 -322, exactly at this position, showed no protection based on HDX, arguing against the presence of a stable helix in the context of the full-length gp120. One possible explanation for this discrepancy is that the two Nlinked glycans, one within and one just adjacent to the V3 loop, which were absent from the NMR study, give rise to significantly more flexibility within this region. All-atom gp120 models incorporating the NMR coordinates of V3 with helical C-terminal segments were also overall less consistent with the SAXS data.
The recently reported crystal structure of broadly neutralizing antibody (bNAb) PG9 in complex with V1/V2 fused to a scaffold protein showed that this subdomain of gp120 adopts a 4-stranded ␤-sheet when complexed with the antibody (39). Although our HDX-MS study only had partial coverage of this region, fragment 158 -173 corresponds to the position of the third ␤-strand and shows no protection in either unbound or CD4-bound states. Models incorporating the conformation of V1/V2 observed in the PG9-bound structure were less consistent with the SAXS patterns for unliganded gp120 than unrestrained loops. From these data, we conclude that while V1/V2 are localized atop the core in fulllength, unliganded gp120, this motif is at most only transiently ordered in the absence of stabilizing ligands, such as PG9 antibody. It remains possible that the 4-stranded ␤-sheet motif may be present within trimeric Env and potentially stabilized by quaternary interactions.
CD4 binding dramatically alters the organization and dynamic properties of the gp120 subunit. In the unliganded state, V1/V2 do not appear to occlude the CD4 binding site (Fig. 2 and 5B). This does not necessarily exclude the possibility that flexible glycans on the binding site periphery may act as entropic brushes to decrease accessibility (25) . Upon CD4 binding, the SAXS results indicate that a repositioning of a significant mass, inferred to be V1/V2, takes place from the crest to a lateral position relative to the core. The apparent repositioning of V1/V2 was corroborated by the increased protection observed by HDX at the base of V1 (fragment 111-125 [ Fig. 7A]) , which forms part of the bridging sheet. Formation of the bridging sheet would swing the V1/V2 stem from something like the position observed in the b12 antibody-bound structure to that observed in all CD4-bound structures (Fig. 5A ). All-atom models of sCD4-bound gp120 with this lateral occupancy of V1/V2 were in excellent agreement with the SAXS data ( Fig. 6B and E) .
In the SAXS-based model for the CD4-bound state, V1/V2 extend forward from the variable loop stem to occupy a position forming a collar around the base of the CD4/gp120 contact ( Fig. 4 ; see also Movies S2 and S4 in the supplemental material). This region of the gp120 core does not bear significant glycosylation, unlike the immunologically silent face. We hypothesize that the variable loops in the CD4-bound state may thus mask underlying conserved epitopes that become ordered only after the receptor is engaged. Interestingly, antibody 21c binds in a very similar position, with a binding footprint that includes both CD4 and gp120 elements (10) . 21c binding was shown to exhibit a striking dependence on whether V1/V2 was present. Our SAXS results, low resolution as they may be, appear to at least partially explain the influence of V1/V2 on 21c binding to full-length gp120.
In contrast to the approachable CD4 binding site in unliganded gp120, CD4-induced features, such as the 17b epitope, which largely overlaps with the coreceptor binding surface, appear to be obstructed by the crest density (V1/V2, V3) (Fig. 5B) (10, 53, 64, 77) . Furthermore, our data also indicate that the bridging sheet subdomain that serves as a major portion of the 17b and coreceptor binding site is not well ordered in unliganded gp120. Upon CD4 binding, the bridging sheet forms and V1/V2 swing away from the crest position, generating the stable 17b-coreceptor binding face. The SAXS-derived shape of the gp120-sCD4-17b Fab complex is in good agreement with the available crystallographic data with the gp120 core (Fig. 5B) , indicating that 17b binding does not appear to induce major structural changes beyond those elicited by CD4.
Implications for antigenicity and immunogenicity. Due to its functional conservation among diverse isolates of HIV-1, the CD4 binding site is a highly sought target for eliciting bNAbs (58, 76) . Based upon crystallographic data from diverse isolates, the structure at the CD4 binding site, when bound by receptor or CD4 binding site antibodies, also appears highly conserved. The current HDX data demonstrate that the discontinuous portions of gp120 that are drawn together to form the CD4 binding site are relatively disordered and dynamic in unliganded gp120, becoming ordered only after CD4 binding (Fig. 9) . Surprisingly, this is also true for the CD4 binding loop itself, which is invariant between various gp120 core structures and thought to be the initial site of CD4 attachment. It appears that the CD4 binding loop is only conformationally rigid in the CD4-induced form, whereas in the unbound form observed in full-length gp120 it retains significantly more flexibility and possibly exhibits a range of conformational diversity between isolates (Davenport et al, unpublished data).
It has been proposed that the relative disorder and fragmented nature of the CD4 binding site may explain why, despite its conservation, the humoral response has difficulty in the generation of highly potent, broadly cross-reactive CD4 binding site-targeted bNAbs (8) . Stabilized gp120 immunogens have shown promise at inducing a more effective humoral response (9) , but this response was not specifically directed against the stabilized CD4 binding site. It is conceivable that stabilized immunogens may compromise neutralization potency by eliciting antibodies against only the fully formed, conformationally fixed CD4 binding site, rather than the more inchoate epitope as it exists prior to receptor engagement. The CD4 interaction is known to have high entropic cost and is thought to be driven by significant folding upon binding (43) . Some of the most potent CD4 binding site-directed bNAbs also bind with a large change in entropy (80), although they do not necessarily induce the same conformational changes (12, 33) . In light of this, both the nature of the CD4 binding site and the structural effects of antibody binding in trimeric Env and any prospective immunogens will have to be understood for the design of an effective immunogen.
Allosteric changes triggered by CD4 binding. CD4 binding was observed to induce a significant degree of protection in regions that emanate from the binding site proper (Fig. 9) , most notably in regions of the inner domain extending to the putative gp41-interactive portions of gp120 on the opposite side of the core. Mutagenesis studies have likewise recently indicated that alterations within the inner domain can influence CD4 binding, suggesting a link between the CD4 and gp41-interacting face of gp120 (14) . The current HDX data directly resolve this coupling, revealing specific allosteric changes at the gp41-interacting region.
Both layer 1 and the helix spanning residues 95-110, thought to be the elements that associate with gp41 in the trimeric spike (44), showed major changes upon CD4 binding. Interestingly, in the b12 antibody-bound core crystal structure, the segment from residue 95-110 does not adopt a complete, ordered helix, consistent with the higher degree of solvent exchange in unliganded gp120. Once CD4 binds, the segment becomes highly ordered, consistent with full helix formation. This region is particularly of interest, because the V1 loop and bridging sheet elements are directly Cterminal to this helix and it links the CD4 binding surface and the gp41-interactive face of gp120. This allosteric coupling of structural elements may thus alter the interaction between gp120 and gp41 in response to receptor binding, potentially serving as the first of several steps that trigger the fusion mechanism.
In summary, based upon our complementary solution-phase studies, we conclude that gp120 in its unliganded state has disordered CD4 and coreceptor binding elements and V1/V2 and V3 positioned atop the gp120 core, in a similar position to that observed in intact Env trimers. In response to CD4 binding, the CD4 binding site on gp120 becomes ordered and the bridging sheet subdomain forms, drawing the V1/V2 loops into a "down" orientation and positioning them alongside CD4. Lastly, structural ordering is transduced to the gp41-interactive face of gp120, reflecting changes in gp120 that may lead to priming of the fusogenic subunit, gp41.
